N-copine: a novel two C2-domain-containing protein with neuronal activity-regulated expression  by Nakayama, Takashi et al.
N-copine: a novel two C2-domain-containing protein with neuronal
activity-regulated expression
Takashi Nakayamaa, Takeshi Yaoia, Mitsuru Yasuib, Goro Kuwajimaa;*
aCNS Research Laboratories, Shionogi and Co., Ltd., 2-5-1 Mishima, Settsu-shi, Osaka 566-0022, Japan
bCNS Research Laboratories, Shionogi and Co., Ltd., 3-1-1 Futaba-cho, Toyonaka, Osaka 561-0825, Japan
Received 26 March 1998; accepted 17 April 1998
Abstract Neuronal activity is often associated with changes in
gene expression. By a two-dimensional cDNA-display system,
restriction landmark cDNA scanning, we identified a novel gene
whose expression in the hippocampus was up-regulated by
kainate stimulation. The mRNA expression was detected only
in brain and up-regulated by the stimulation evoking CA3-CA1
long-term potentiation. The encoded protein contains two copies
of C2-domain, known as the Ca2+-binding domain of PKC-Q, and
shows 49% identity with human copine I. We designated this
protein N-copine (neuronal-copine). N-copine may have a role in
synaptic plasticity.
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1. Introduction
Activation of synapse transmission induces changes in bio-
chemical events of neurons including gene expression. These
changes lead to physiological changes in the central nervous
system, like kindling, degeneration, and long-term potentia-
tion of synaptic response (LTP) [1^3]. LTP at CA3-CA1 in the
hippocampus (CA1-LTP) is one of the most studied forms of
LTP [4]. For induction of CA1-LTP, the activation of
NMDA-type glutamate receptor (NMDA-R) is necessary
[5]. Moreover, gene expression is involved when CA1-LTP
lasts more than 6 h [6]. The changes in gene expression in-
duced by synapse activity seem to cause biochemical and
structural changes in neurons which then lead to long-term
changes in synaptic response.
Several groups have isolated the genes induced by synapse
activity in the central nervous system [7^9]. However, there
must be much more synapse activity-induced genes, as Fazeli
et al. estimated the ratio of such genes to be about 1% [10]. To
search for them, we have analyzed the changes in gene ex-
pression of the hippocampus from kainate-injected mice. In-
jection of kainate induces an LTP-like change in synaptic
response of hippocampal neurons [3]. Using a novel cDNA-
display system, restriction landmark cDNA scanning (RLCS)
[11], we have identi¢ed the genes whose expressions were regu-
lated by kainate in an NMDA-R-dependent manner. In the
present study, we isolated cDNA of one of them. The encoded
protein was a novel one and showed a high homology with
human copine I, which was identi¢ed recently [12]. We des-
ignated this protein N-copine (neuronal-copine).
2. Materials and methods
2.1. Animal procedures
All animals were treated ethically according to the rules of Shionogi
Animal Use and Care Committee. Kainate (Sigma) was injected i.p.
into 6^7 weeks female BALB/c mice (8 mg/kg). NMDA-R antagonist
MK801 (RBI) was injected i.p. (5 mg/kg diluted in PBS) 30 min
before kainate injection. Mice were killed by cervical dislocation
and the brains were dissected.
2.2. RLCS and cloning of N-copine cDNA
RLCS analysis was performed according to the method described
previously [11]. The cDNA fragment corresponding to spot 50 was
subcloned into a pSPORT2 vector (GIBCO BRL) by the PCR-medi-
ated method [11]. Using this as a probe in plaque hybridization, the
full-length cDNA of mouse N-copine was isolated from Vgt10 mouse
brain cDNA library (CLONTECH). Human N-copine cDNA was
isolated by PCR for human brain cDNA library (GIBCO BRL).
The primers were designed from the mouse N-copine cDNA and a
human EST clone sequence that corresponds to the 3P non-coding
region (GenBank accession number T15557). The sequences of the
isolated cDNAs were determined on both strands. In the mouse
cDNA, the BglII and HinfI sites used for RLCS in this study were
present at positions near the 3P-terminus that were expected from the
RLCS pro¢le. The nucleotide sequence data reported in this paper
will appear in the DDBJ, EMBL and GenBank nucleotide sequence
databases with the accession numbers AB008893 and AB009288.
2.3. Northern blot analysis
For multi-tissue Northern blot analysis, MTN blot membrane
(CLONTECH) was used. For developmental analysis, 2 Wg of poly
(A) RNA from mouse brain was separated on formaldehyde/1%
agarose gel and then blotted onto a nylon membrane. Membranes
were hybridized with 32P-labeled 1.5 kbp DNA probe corresponding
to the nucleotides 509^2019 of N-copine cDNA.
2.4. Electrophysiology
Preparation of transverse hippocampal slices from female BALB/c
mouse (8 weeks) and electrophysiological experiments were performed
as described previously [13]. Test stimuli (0.1 ms width, 0.033 Hz)
were given to the Scha¡er collateral/commissural pathway and ¢eld
excitatory post synaptic potentials were recorded extracellularly in the
pyramidal cell layer of the CA1 region. LTP was induced by three
trains of tetanus (100 Hz, 1 s) given at 5-min intervals; ¢eld excitatory
post synaptic potentials were potentiated more than 300% for 6 h.
2.5. In situ hybridization
In situ hybridization was performed as described [14]. The tissues
with and without stimulations of kainate or LTP were embedded in a
cryostat block, freshly frozen and cut into 8-Wm-thick sections. The
sections were subjected to hybridization with 35S-labeled or digoxi-
genin-labeled riboprobe. For the template of riboprobe synthesis,
1.5 kbp fragment (nucleotide residues 509^2019) of the N-copine
cDNA inserted into the pSPORT2 vector (GIBCO BRL) was used.
As negative control, the sections were incubated with solution-con-
taining sense probes; no signal was obtained.
2.6. Western blot analysis
GST protein fused with amino acid residues 4^161 of mouse N-
copine was produced (Pharmacia). Antisera against the GST-N-co-
pine fusion protein were raised in New Zealand White rabbits. The
antibody speci¢c for N-copine was puri¢ed by a⁄nity chromatogra-
FEBS 20263 25-5-98
0014-5793/98/$19.00 ß 1998 Federation of European Biochemical Societies. All rights reserved.
PII S 0 0 1 4 - 5 7 9 3 ( 9 8 ) 0 0 4 9 7 - 9
*Corresponding author. Fax: +81 (6) 382-2598.
E-mail: gorou.kuwajima@shionogi.co.jp
FEBS 20263FEBS Letters 428 (1998) 80^84
phy with the N-copine fusion protein-conjugated Sepharose. Mouse
brain homogenate was subjected to SDS-PAGE [15] and transferred
to polyvinylidene di£uoride membrane. After blocking with 10% skim
milk in PBS, the membrane was incubated with the anti-N-copine
antibody (70 ng/ml) and then with HRP-conjugated anti-rabbit IgG
antiserum (1:2000 dilution, CAPPEL). Peroxidase-coupled detection
was performed with ECL system (Amersham).
3. Results
3.1. Regulation of N-copine mRNA expression in hippocampus
by neuronal activity
To ¢nd genes whose expression in hippocampus was up-
regulated by kainate injection, we used the RLCS system, a
cDNA-display system on a two-dimensional gel matrix. In
RLCS, each cDNA species appears as a spot at a certain
position on a two-dimensional gel ; the changes in the inten-
sity of each spot re£ect the changes in the expression of the
corresponding gene [11]. We compared the RLCS pro¢les of
the hippocampus from the kainate-injected mice with that of
the hippocampus from the mice not injected, and found out
spots whose intensities were enhanced by kainate injection
(Fig. 1A). N-copine cDNA was derived from one of them,
spot 50. The intensity of spot 50 was enhanced 6 h but not
2 and 24 h after kainate injection. Administration of the
NMDA-R antagonist MK801 before kainate injection inhib-
ited the enhancement (Fig. 1B). This result shows that the
expression of N-copine mRNA is up-regulated in an
NMDA-R-dependent manner.
By in situ hybridization, we con¢rmed that N-copine ex-
pression was up-regulated in the whole hippocampus, partic-
ularly in the CA1 region, at 6 h after kainate injection but not
FEBS 20263 25-5-98
Fig. 1. RLCS analysis of hippocampus cDNA from kainate-injected
mice. A: Whole pro¢le of non-treated mice. Arrows show the direc-
tions of ¢rst- and second-dimensional electrophoresis (1D and 2D,
respectively). The scales are 1.88, 1.49, 0.93, and 0.42 kbp (from
right to left) in 1D, and 1357, 1078, 872, 603, 310, 281/271, 234,
194, 118 and 72 bp (from top to bottom) in 2D. The region around
spot 50 (surrounded by a square) is zoomed up in B. B: Pro¢les
around spot 50 from mice not treated, 6 h after kainate injection
and 6 h after kainate injection with MK801 pretreatment. Open ar-
rowhead shows spot 50. Closed arrowheads show the spots whose
intensities are not changed.
Fig. 2. Up-regulation of N-copine mRNA expression in hippocam-
pus by neuronal activity. A: In situ hybridization of brain frontal
sections from mice 6 h after kainate injection or not injected. 35S-la-
beled riboprobe speci¢c for N-copine mRNA was used. B: In situ
hybridization of hippocampal slices 6 h after high-frequency stimu-
lation (HFS) evoking CA1-LTP or no stimulation (control). Digoxi-
genin-labeled riboprobe speci¢c for N-copine mRNA was used.
fEPSPs of 10 min before and 6 h after the stimulation are also
shown.
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at 2 h after kainate injection (Fig. 2A). Because we did not
detect any signals in glia by more precise investigation (data
not shown), we conclude that N-copine expression is neuron-
speci¢c. Then we evoked CA1-LTP in the mouse-hippocampal
slices that lasted for more than 6 h with the high-frequency
stimulation and performed in situ hybridization (Fig. 2B). The
expression of N-copine mRNA was signi¢cantly up-regulated
in pyramidal cells in CA1, but not in neurons in other regions.
In the adjacent section of the same slice, we con¢rmed the up-
regulation of proenkephalin mRNA, whose expression was
reported to be enhanced by the stimulation evoking LTP
[7]. These results show that the expression of N-copine
mRNA in CA1 pyramidal cells was associated with the
CA1-LTP.
3.2. Cloning and structure of N-copine cDNA
Using cDNA fragment extracted from spot 50 as a probe,
we isolated the full-length cDNA of N-copine from the mouse
brain cDNA library. Its size was 2.1 kbp, which corresponds
well to the size of the transcript estimated by Northern blot
analysis (2.2 kbp, Fig. 5A). We also isolated the cDNA of the
human counterpart from the human brain cDNA library. In
both human and mouse cDNAs, there was only one large
ORF of 1674 bases followed by a poly(A) signal. The se-
quence around the initiating Met is in accordance with the
Kozak rule [16]. The ORF of N-copine cDNA encodes a
protein which consists of 557 amino acid residues; it is hydro-
philic and does not seem to have a signal sequence or trans-
membrane region (Fig. 3). The identity of the amino acid
sequences between human and mouse was 98%. From the
GenBank database, we identi¢ed human copine I [12] as the
protein most homologous to N-copine. Identity between hu-
man N-copine and human copine I is 49%.
The most interesting characteristic of the amino acid se-
quence of N-copine is the two C2-domains, which were ¢rst
characterized as a Ca2-binding domain of protein kinase C
[17]. The C2-domains of N-copine conserve the amino acid
residues typical of other C2-domains (Fig. 4A). Especially, the
second C2-domain conserves the ¢ve Asp residues that are
considered essential to Ca2 binding [18]. As a family of pro-
teins that contain two C2-domains, Suºdhof et al. propose a
‘double C2-domain protein family’, including synaptotagmin,
rabphilin-3A, and Doc2 [19]. In spite of the existence of two
C2-domains, N-copine and copine I are rather di¡erent from
the members of the conventional ‘double C2-domain protein
family’. First, the phylogenetic tree shows that two C2-do-
mains of N-copine and copine I are more similar to those
of PLC-Q than to those of synaptotagmin and Doc2 (Fig.
4B). Second, N-copine and copine I have two C2-domains
in the N-terminal regions, whereas those of the proteins of
‘double C2-domain protein family’ have C2-domains in their
C-terminal regions.
3.3. Brain-speci¢c expression of N-copine
Multi-tissue Northern blot analysis showed that the N-co-
pine-speci¢c 2.2 kbp transcript was detected only in the brain
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Fig. 3. Alignment of amino acid sequences of mouse and human N-copine (m, h N-copine), and of human copine I (h copine I). Identical ami-
no acid residues are shaded. Hyphens show gaps. Solid lines show C2-domains.
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but not in other tissues (Fig. 5A). During the development of
the brain, expression of N-copine mRNA was strikingly in-
creased after birth (Fig. 5B). In Western blot analysis with
anti-N-copine antibody, we detected N-copine in the mouse
brain homogenate; its size was 62 kDa (Fig. 5C), which cor-
responds well with the molecular weight calculated from the
amino acid sequence (61.7 kDa).
4. Discussion
In this study, we identi¢ed a cDNA encoding a novel pro-
tein, N-copine. N-copine shows a high homology with human
copine I, which was isolated as a Ca2-dependent phospholi-
pid-binding protein. Creutz et al. suggest that human copine I
composes a protein family by searching the other copine-re-
lated EST clones [12]. We conclude that N-copine is a brain-
speci¢c member of the copine family.
N-copine has two C2-domains. Various functions have been
reported for C2-domains of other proteins: Ca2-dependent
and Ca2-independent binding to phospholipid, inositol poly-
phosphate binding, Ca2 binding, interaction with other pro-
teins [19]. The C2-domains of N-copine are expected to have
some of these functions. The ¢ve Asp residues considered to
be important for Ca2 binding of a C2-domain [18] are con-
served in the second C2-domain of N-copine. N-copine may
be able to bind to Ca2. In spite of the existence of two C2-
domains, N-copine and copine I are not members of the ‘dou-
ble C2-domain protein family’ from their structures. Members
of the ‘double C2-domain proteins’ in neuron are involved in
the transport of synaptic vesicles during neurotransmitter re-
lease [20,21]. N-copine may have di¡erent functions from
those of ‘double C2-domain proteins’.
Interestingly, comparison of the sequence of human N-co-
pine with that of human copine I reveals another character-
istic of proteins of this family. Although the identity of the
amino acid sequence of the C2-domains between N-copine
and copine I is 40%, that of the C-terminal half region is
about 60%. Therefore the C-terminal half region is expected
to have some unidenti¢ed functions. Analyses of such func-
tions would be helpful to reveal a role of N-copine and other
family proteins.
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Fig. 4. Domain structure of N-copine. A: Sequence alignment of
two C2-domains (classi¢ed as A, B) present in N-copine, copine I,
synaptotagmin I, Doc2K. The C2-domains in phospholipase C-Q
(PLC-Q) and protein kinase C-Q (PKC-Q) are also aligned. Amino
acid residues conserved in more than ¢ve kinds of C2-domains are
shown on black backgrounds. Dots show the ¢ve conserved aspar-
tate residues that are considered to be important for Ca2 binding.
The asterisk shows the conserved threonine residue, which serves as
a putative phosphorylation site. B: Phylogenetic tree. Evolutionary
distances between the C2-domains from various proteins were esti-
mated with the Gene Works (IntelliGenetics).
Fig. 5. Brain-speci¢c expression of N-copine. A: Multi-tissue North-
ern blot analyses of N-copine mRNA expression in adult mouse
(upper panel) and human (lower panel). B: Developmental expres-
sion of N-copine mRNA in mouse brain. Poly(A) RNA derived
from mouse brain of embryonic day 10, 15, and 19 (E10, E15, and
E19, respectively), and postnatal 1 day and 8 weeks (P1 and 8W, re-
spectively) was used for the analysis. C: Detection of N-copine in
mouse brain homogenate with anti-N-copine antibody (lane 1). As a
control, the antibody was absorbed with the excess amount of the
GST-N-copine fusion protein (lane 2). Position of N-copine (62
kDa) is indicated.
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The expression of N-copine mRNA in the hippocampus
was up-regulated by kainate injection in an NMDA-R-de-
pendent manner. Kainate injection in vivo has been reported
to induce LTP-like potentiation in the hippocampus [3]. Also,
Ca2-in£ux via NMDA-R is essential to CA1-LTP [5]. In fact,
we found that the expression of N-copine mRNA was up-
regulated by the stimulation that induced CA1-LTP. There-
fore, N-copine is likely to be involved in LTP. Analyses of N-
copine functions would reveal a new aspect on the mechanism
of synaptic plasticity.
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